Recent observations suggest that Type IIn supernovae (SNe IIn) may exhibit late-time (>100 days) infrared (IR) emission from warm dust more than other types of core-collapse SNe. Mid-IR observations, which span the peak of the thermal spectral energy distribution, provide useful constraints on the properties of the dust and, ultimately, the circumstellar environment, explosion mechanism, and progenitor system. Due to the low SN IIn rate (<10% of all core-collapse SNe), few IR observations exist for this subclass. The handful of isolated studies, however, show late-time IR emission from warm dust that, in some cases, extends for five or six years post-discovery. While previous Spitzer/IRAC surveys have searched for dust in SNe, none have targeted the Type IIn subclass. This article presents results from a warm Spitzer/IRAC survey of the positions of all 68 known SNe IIn within a distance of 250 Mpc between 1999 and 2008 that have remained unobserved by Spitzer more than 100 days postdiscovery. The detection of late-time emission from ten targets (∼15%) nearly doubles the database of existing mid-IR observations of SNe IIn. Although optical spectra show evidence for new dust formation in some cases, the data show that in most cases the likely origin of the mid-IR emission is pre-existing dust, which is continuously heated by optical emission generated by ongoing circumstellar interaction between the forward shock and circumstellar medium. Furthermore, an emerging trend suggests that these SNe decline at ∼1000-2000 days post-discovery once the forward shock overruns the dust shell. The mass-loss rates associated with these dust shells are consistent with luminous blue variable (LBV) progenitors.
INTRODUCTION
Type IIn supernovae (SNe; see Filippenko 1997 for a review) have gained considerable attention over the past decade. Representing less than 10% of all core-collapse events (Smartt 2009; Smith et al. 2011; Li et al. 2011) , this subclass comprises more than 50% of the rare sample of SNe observed to exhibit a late-time (>100 days) infrared (IR) excess with respect to the optical blackbody counterpart, typically suggesting the presence of warm dust (e.g., Gerardy et al. 2002; Fox et al. 2009 Fox et al. , 2010 , and see Table 1 ). Named for their relatively "narrow" ( 700 km s −1 ) emission lines arising from a dense, slowly moving, pre-existing circumstellar medium (CSM) (Schlegel 1990 ), these SNe IIn may be more prone to have warm dust than any other SN type since (1) dust is able to form in the cool, dense, post-shock layers not available in other SNe (e.g., Pozzo et al. 2004; Smith et al. 2009c) , and (2) the dense CSM produced by pre-SN mass loss can contain dust that is illuminated by the supernova radiation (e.g., Smith et al. 2008c; Miller et al. 2010a) .
The origin and heating mechanism of the dust, however, can be ambiguous. Disentangling the various dust models offers important clues regarding the supernova's circumstellar environment, explosion mechanism, and even progenitor system (e.g., Fox et al. 2010) . For example, if shock heated, the dust temperature correlates with the gas density (Draine & Salpeter 1979; Draine 1981; Dwek 1987; Dwek et al. 2008) , which can be used to trace the progenitor's mass-loss history (e.g., Smith et al. 2009c; Fox et al. 2010) . Alternatively, the discovery of significant amounts of newly formed SN dust would provide the much sought evidence necessary to confirm SN dust models (e.g., Nozawa et al. 2003 Nozawa et al. , 2008 . At this point, the observed dust yields all tend to be 2-3 orders of magnitude smaller than predicted by the models (e.g., Kozasa et al. 2009; Meikle et al. 2011 , and references therein), although far-IR observations of SN 1987A suggest larger reservoirs of dust may be hidden at colder temperatures (∼20 K, Matsuura et al. 2011) .
Mid-IR observations, which span the peak of the thermal emission from warm dust, offer the most useful constraints on the dust properties. Yet observations at these wavelengths remain sparse. In fact, the Fox et al. (2010) Spitzer Space Telescope IRS spectrum of SN 2005ip is the only mid-IR spectrum of a SN IIn to date. Estimated to have a rate of no more than 10 yr −1 out to 150 Mpc (Dahlén & Fransson 1999) , the number of nearby SNe IIn is small, and SNe IIn at greater distances are not easy targets.
The few observed dust-emitting SNe IIn, however, are anomalously luminous and linger for many years at mid-IR wavelengths, thereby making remnant archeology possible. While 79 SNe IIn within a distance of 250 Mpc were discovered during the years 1999-2008, only 11 Graham et al. (1983) ; Graham & Meikle (1986 II No/No Graham & Meikle (1986 ) 1982r I No/No Graham & Meikle (1986 ) 1985l II No/No Elias et al. (1986 ; Fesen (1998 ) 1986J IIn No/No Weiler et al. (1990 ; Leibundgut et al. (1991) Miller et al. (2010b) of these positions have archived Spitzer IRAC data collected (either intentionally or serendipitously) more than a few months post-discovery. Five of these eleven events (∼45%) show evidence for late-time IR emission, in some cases up to six years post-discovery: SNe 1999bw (Sugerman et al. 2004; Thompson et al. 2009 ), 1999el (Carlo et al. 2002 ), 2002bu (Thompson et al. 2009 ) 6 , 2003lo , and 2005ip (Fox et al. 2009 (Fox et al. , 2010 .
We therefore executed a warm Spitzer follow-up survey of the remaining 68 Type IIn events discovered in the years 1999-2008. 7 This paper presents the results of the survey, including the positive detection of late-time emission from ten targets, which more than doubles the database of existing mid-IR observations of SNe IIn. For some targets, optical and near-IR photometry and spectroscopy also exist. In §2 we summarize the observations and data-reduction techniques. Spitzer photometry constrains the dust mass, temperature, and, thereby, luminosity. Section 3 implements the methods presented by Fox et al. (2010) to explore the origin and heating mechanism of these components; in most cases, results are compared to those of SN 2005ip. Section 4 discusses the overall trends, circumstellar model, and progenitor system, while §5 summarizes the results and discusses future 6 Note that Smith et al. (2010) (Fazio et al. 2004 ) surveyed the positions of the 69 SNe IIn in the sample. Although the Spitzer warm mission is limited to IRAC bands 1 (3.6 µm) and 2 (4.5 µm), ground-based observations cannot compete because they have limited sensitivity past 2 µm given the rapidly rising thermal background. Furthermore, these two bands span the peak of the blackbody emission from warm dust (500 T d 1000 K), providing potential constraints on the dust temperature and mass (and thus the luminosity). Assuming peak luminosities comparable to that of SN 2005ip (Fox et al. 2010) for each SN, we developed Astronomical Observation Requests (AORs) that would yield signal-to-noise ratio (SNR) 25 at 4.5 µm to ensure the most-reliable extraction of the temperature and mass from the fluxes in the two bands. All integration times were rounded up to a multiple of 5 min to produce a simple and straightforward AOR. and later confirmed with a visual inspection. Of the 69 SN positions surveyed, 10 SNe exhibit late-time emission (see Figure 1) . The background flux in most of the SN host galaxies is bright and exhibits rapid spatial variations, making faint detections difficult for the DAOPHOT point-spread function (PSF) photometry package in IRAF 9 and lim- Figure 2 . Illustration of the aperture-photometry routine implemented instead of DAOPHOT and APPHOT (which utilizes both an inner aperture and outer annulus). A set of single apertures, identified by the green circles, extracts the flux from both the SN and a user-selected background. This technique allows the user to visually identify and extract local background representative of the underlying SN flux. Nearby stellar and nuclear flux can be ignored.
iting the accuracy of sky-brightness measurements using the annuli in the IRAF APPHOT (aperture photometry) package. Although template subtraction is a commonly used technique to minimize photometric confusion from the underlying galaxy, no pre-SN observations exist.
Instead, photometry was performed by using a set of single apertures, with a radius defined by a fixed multiple of the PSF full width at half-maximum intensity (FWHM), to estimate both the SN and average background flux. This technique allowed the user to visually identify only local background associated with the SN, as opposed to the annuli imposed by APPHOT. Figure 2 illustrates this technique in the case of SN 2005cp, where the circles identify the apertures used to extract both the SN and background fluxes. Nearby stellar and nuclear flux, which would normally be included in the sky annuli, do not significantly contribute to the SN flux and are ignored by this technique.
Pixel fluxes were converted from mJy sr −1 to mJy according to the IRAC Data Handbook version 3, which discusses the pixel size and aperture correction in detail. The DAOPHOT and APPHOT results for the brighter SNe agreed within the uncertainties. Because DAOPHOT did not succeed in detecting the fainter events, however, we only include results from APPHOT. These fluxes are listed in Table 3 and plotted in Figure 3 . Upper limits for nondetections (∼0.015 mJy at 4.5 µm) were set by the point-source sensitivity in Table 2 .10 of the IRAC Instrument Handbook version 2. In some cases, coincident near-IR data from several other instruments exists (see below). Lee et al. (2005) and spectrally classified by Modjaz et al. (2005) . The line profiles consist of both a narrow (FWHM ≈ 400 km s −1 ) and intermediate (FWHM ≈ 4000 km s −1 ) component. Kiewe et al. (2010) provide additional early-time optical photometry and spectra, as well as an associated mass-loss rate.
SN 2005gn was discovered in ESO 488-G30 on 2005 October 13.53 (R ≈ 18.0 mag) by Luckas et al. (2005) and , and spectrally classified by Blanc et al. (2005) and Marsden (2005 Itagaki et al. (2006) and . It was classified as a SN IIn, but no line widths were reported. found an associated X-ray luminosity of L X = 2.5 × 10 41 erg s −1 and a visual magnitude V = 19.1 on 2007 November 16.73. Swift/XRT measured an X-ray luminosity L X = 2.5 × 10 41 erg s −1 on day 400 , and Chandra & Soderberg (2007) reported a radio flux density of 238 µJy on day 405. and classified by Silverman et al. (2006) . The line profiles consist of narrow (FWHM ≈ 900 km s −1 ) emission upon a relatively featureless continuum.
SN 2007rt was discovered in UGC 6109 on 2007 November 24.54 (R ≈ 16.8 mag) by Li (2007) . It was spectrally classified as a SN IIn about 2-3 months past maximum light (Blondin & Berlind 2007) . The line profiles consist of both an intermediate (FWHM ≈ 2500 km s −1 ) and broad (FWHM ≈ 10,000 km s −1 ) component. A moderate-resolution spectrum reveals an additional narrow Hα P-Cygni profile (FWHM ≈ 100 km s −1 ) and evidence for new dust formation (Trundle et al. 2009 ). On day 48, Chandra & Soderberg (2008b) did not detect any radio emission and assigned an upper limit of < 9 µJy.
SN 2008J was discovered in MCG-02-7-33 on 2008 February 15.19 (R ≈ 15.4 mag) by Thrasher et al. (2008) and classified by (Stritzinger et al. 2008 Drake et al. (2008) and classified by (Blondin & Hernandez 2008) . The line profiles consist of both a narrow (FWHM ≈ 300 km s −1 ) and intermediate (FWHM ≈ 1500 km s −1 ) component. Swift/UVOT measured V = 17.9 mag on day 58 (Immler et al. 2008 ). On day 57, however, Chandra & Soderberg (2008a) did not detect any radio emission and assigned an upper limit of < 7 µJy.
SN 2008en was discovered in UGC 564 on 2008 August 3.06 (R ≈ 18.2 mag) by Boles (2008) and spectrally classified by Steele et al. (2008) . These spectra reveal broad (FWHM ≈ 3700 km s −1 ) Balmer and He I emission lines.
SN 2008gm was discovered in NGC 7530 on 2008 October 22.09 (R ≈ 17.0 mag) by Pignata et al. (2008) and classified by Prieto et al. (2008) . The line profiles consist of both a narrow (FWHM ≈ 300 km s −1 ) and intermediate (FWHM ≈ 1600 km s −1 ) component. Two days following the discovery, did not detect any radio emission and assigned an upper limit of < 0.08 mJy (3σ).
SN 2008ip was discovered in NGC 4846 on 2008 December 31.75 (R ≈ 15.7 mag) by Nakano et al. (2009) and classified by Challis & Calkins (2009) . No spectral line widths were given. Chandra & Soderberg (2009) report no radio counterpart on day 5 and assign a 3σ upper limit of 0.096 mJy (8.46 GHz).
Near-Infrared Photometry and Spectroscopy
Nearly coincident near-IR photometric data were collected for several targets with the Persson Auxiliary Nasmyth Infrared Camera (PANIC; Martini et al. 2004 ) mounted on the 6. TripleSpec, a 0.9-2.5 µm, resolution R = 3000 spectrograph operating at Apache Point Observatory in NM (Wilson et al. 2004; Herter et al. 2008) , was used to obtain a spectrum of SN 2006jd on day 1250 post-discovery and a spectrum of SN 2005ip on day 862 post-discovery (originally published by Fox et al. 2010) . Forty minutes of on-source integration consisted of 8 independent 5 min exposures nodding between 2 different slit positions. We extracted the spectra with a modified version of the IDLbased SpexTool (Cushing et al. 2004) . Any underlying galactic and sky emission are approximated in SpexTool by a polynomial fit and subtracted from the SN. The results are again plotted in Figure 3 and, combined with the Spitzer data, treated as a single epoch. Table 4 summarizes the optical spectra obtained with various instruments. Data were obtained with the dual-arm Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995 ) mounted on the 10-m Keck I telescope, as well as with the Kast double spectrograph (Miller & Stone 1993 ) mounted on the Shane 3-m telescope at Lick Observatory. Keck/LRIS spectra were obtained using the 600/4000 or 400/3400 grisms on the blue side and the 400/8500 grating on the red side, along with a 1 ′′ wide slit. This resulted in a wavelength coverage of 3200-9200Å and a typical resolution of 5-7Å. Almost every Lick/Kast spectrum was obtained using the 600/4310 grism on the blue side and the 300/7500 grating on the red side, along with a 2 ′′ wide slit. This resulted in a wavelength coverage of 3300-10,400Å and resolutions of about 5-7Å and 10-12Å on the blue and red sides, respectively. Most observations had the slit aligned along the parallactic angle to minimize differential light losses (Filippenko 1982) . The spectra were reduced using standard techniques (e.g., Foley et al. 2003) . Routine CCD processing and spectrum extraction were completed with IRAF, and the data were extracted with the optimal algorithm of Horne (1986) . We obtained the wavelength scale from low-order polynomial fits to calibration-lamp spectra. Small wavelength shifts were then applied to the data after crosscorrelating a template sky to an extracted night-sky spectrum. Using our own IDL routines, we fit a spectrophotometric standard-star spectrum to the data in order to flux calibrate the SN and to remove telluric absorption lines (Wade & Horne 1988; Matheson et al. 2000) .
Optical Photometry and Spectroscopy
Keck/LRIS also obtained BV RI photometry of SNe 2006jd (1609 days) and 2007rt (1223 days) on 2011 March 9. Observations of each target consisted of two dithered 120-s exposures in each band. Again, the data were reduced using standard techniques and routine CCD processing with IRAF. Table 5 lists the photometric results. Only SN 2006jd was detected (see Figure 4) , but upper limits for SN 2007rt are also provided.
Dust Composition, Temperature, and Mass
Assuming only thermal emission, the combined near-IR and mid-IR spectra provide a strong constraint on the dust temperature and mass, and thus on the IR luminosity. Assuming optically thin dust with mass M d , with a particle radius a, at a distance d from the observer, thermally emitting at a single equilibrium temperature T d , the flux can be written as (e.g., Hildebrand 1983) )   05cp  05gn  05ip  06jd  0607rt  08J  08cg  08en  08gm  08ip   05cp  05gn  05ip  06jd  0607rt  08J  08cg  08en  08gm  08ip a=0.1 µm (a) Graphite )   05cp  05gn  05ip  06jd  0607rt  08J  08cg  08en  08gm  08ip   05cp  05gn  05ip  06jd  0607rt  08J  08cg  08en  08gm  08ip a=0.1 µm (b) Silicate The most obvious feature differentiating between the graphite and silicate models is the 9 µm silicate emission feature. The warm IRAC data do not extend beyond ∼ 5 µm, limiting any distinction between the two compositions.
Table 6
Spitzer Fitting Parameters
Graphites
Silicates Blackbody where B ν (T d ) is the Planck blackbody function and κ ν (a) is the dust mass absorption coefficient. For simple dust populations of a single size composed entirely of either silicate or graphite, the IDL MPFIT function (Markwardt 2009 ) finds the best fit (see Figure 5 ) of Equation 1 by varying M d and T d to minimize the value of χ 2 . The absorption coefficients, κ, are given in Figure 4 of Fox et al. (2010) . The combined photometry and near-IR spectra of SNe 2006jd and 2005ip are best fit by a multi-component model. As opposed to a single component with a continuous temperature distribution, a second, hotter component at a single temperature dominates the near-IR flux, while also contributing to the 3.6 µm flux. For the remaining SNe, the small number of photometric data points limits our fits to a single component. Since a second, hotter component may be contributing to the shorter wavelength flux, we treat the derived dust temperatures for these SNe as upper limits (see §3.3 below for significance). Table 6 lists the best-fit parameters (i.e., temperature and mass, as well as IR luminosity) for several grain sizes. Overall, grain size has little consequence on the goodness of fit or the resulting parameters. The only size-dependent parameter in Equation 1 is κ, but Figure  4 of Fox et al. (2010) shows that the dust-opacity coefficient for both graphite and silicate is independent of grain radius at IR wavelengths (>1 µm) for grain sizes <1 µm, which is typical for most grains. A grain size of a = 0.1 µm is therefore assumed throughout the rest of this paper, including the results plotted in Figure 5 .
In general, the derived dust temperatures, masses, and luminosities are all higher if we assume silicate grain composition. The limited number of data points (2 or 3 in most cases), however, limits the best-fitting function in Figure 5 from distinguishing between the two compositions. The most obvious differentiating feature is the 9 µm silicate emission band, but the warm IRAC data do not extend beyond ∼5 µm. Both compositions are therefore considered throughout the rest of this paper. Figure 6 plots the temperature, mass, and IR luminosity for a = 0.1 µm grains for both the graphite and silicate fits, as well as the near-IR evolution of the Type IIn SNe 2005ip (Fox et al. 2009 ) and 1995N (Gerardy et al. 2002 . The luminosity curve plateaus to a point between 1000 and 2000 days (∼3-5 yr), at which time it seems to slowly fade with an e-fold time of several hundred days. Although many of the points are upper limits, the trend appears to closely follow the observed near-IR decline of SN 1995N. Furthermore, at least half of the SNe have derived dust masses M d > 10 −2 M ⊙ (and most of the rest have masses M d > 10 −3 M ⊙ ). If newly formed, these masses would be some of the largest amounts of such dust observed in SNe to date, providing significant credibility to SN dust models (e.g., Nozawa et al. 2003 Nozawa et al. , 2008 . Before any conclusions are drawn, however, we must first disentangle the composition, origin, and heating mechanism of the dust.
ANALYSIS: DUST ORIGIN AND HEATING MECHANISM
The dust can have several different origins and heating mechanisms. It may be newly formed or it may have been in place at the time of the explosion. If newly formed, the dust may have condensed in the expanding SN ejecta (e.g., Elmhamdi et al. 2004) or in the cool, dense shell of post-shocked gas lying between the forward and reverse shocks (Pozzo et al. 2004; Smith et al. 2008b ). In both cases, several heating mechanisms are possible, including radioactivity, radiative heating by the optical emission from circumstellar interaction, and collisional heating by hot gas in the reverse shock.
Alternatively, pre-existing dust may be collisionally heated by hot, shocked gas or radiatively heated by either the peak SN luminosity or the late-time optical emission from circumstellar interaction. In the radiative heating case, the dust reprocesses the optical light and thermal radiation persists until the dust grains cool sufficiently. If this pre-existing dust is distributed in a shell with a light-crossing time greater than the duration of the optical emission, an "IR echo" is evident due to light-travel-time effects. Multiple scenarios can also contribute to the late-time IR flux, as in the cases of SNe 2004et (Kotak et al. 2009 ), 2004dj (Meikle et al. 2011 ), and 2006jc (Mattila et al. 2008 .
With a detailed analysis of SN 2005ip, Fox et al. (2010) illustrate how to use late-time mid-IR observations, along with optical photometry and spectra, to disentangle the various dust models. First, a few variables must be defined. The blackbody radius
where σ is the Stefan-Boltzmann constant. The calculation of the blackbody radius assumes an optically thick dust shell. While our calculations assume the case of optically thin dust, the blackbody radius sets the minimum shell size of an observed dust component. The shock radius
for a constant shock velocity v s , defines the maximum radius that the forward shock can travel in a time t. The shock velocity corresponds to the optical spectral line widths. Three width components are typical for SNe IIn (see Figures 7, 8, and 9 , as well as §2.2): narrow ( 700 km s −1 ), intermediate (∼ 1000-5000 km s −1 ), and broad (∼ 5000-15,000 km s −1 ). The narrow lines, which give the Type IIn subclass its name, originate in the slow, dense, pre-existing circumstellar environment when excited by X-ray and ultraviolet (UV) emission generated by the forward shock. The intermediate lines correspond to the decelerated forward-shock front as it passes through the dense clumps in the CSM. The broad lines, which set the shock velocity, arise from the uninhibited forward shock arising from the rapidly expanding SN ejecta. Over time, the dense CSM decelerates the entire ejecta. Typical forward shock velocities in SNe IIn at late times are v s ≈ 5000 − 6000 km s −1 (e.g., Smith et al. 2007; Trundle et al. 2009; Rest et al. 2011) . Table 7 lists the associated blackbody and shock radii for each SN at the epoch of the Spitzer observation, assuming a shock velocity of v s = 5000 km s −1 . Notice that unlike the shock radius, the blackbody radius is not a function of the observation epoch to the extent that the luminosity is constant.
Other useful parameters are the peak supernova UVoptical luminosity, L peak , and the late-time optical luminosity, L opt . Dominated by shock heating of the stel- Table 6 for a = 0.1 µm grains of both compositions. Downward arrows indicate upper limits. Also plotted is the near-IR evolution of the Type IIn SNe 2005ip (Fox et al. 2009 ) and 1995N (Gerardy et al. 2002) . The number of SNe that exhibit late-time IR emission drops dramatically after ∼ 1000 days, and the trend appears to closely follow the observed decline of SN 1995N. Generally, the dust masses are M d > 10 −3 M ⊙ , and many are even M d > 10 −2 M ⊙ . Ultimately, these variables can be used to disentangle the composition, origin, and heating mechanism of the dust (see §3). As discussed in §4, many of these results are consistent with LBV progenitors. lar envelope, the peak optical luminosity can vaporize all pre-existing dust within the vaporization radius (e.g., Dwek 1985) ,
where T evap is the vaporization temperature of the dust, and Q is the Planck-averaged value of the dust emissivity. Figure 8 of Fox et al. (2010) shows the relationship between the peak luminosity and vaporization radius. Given the limited number of published observations for each SN during the discovery period, we obtain our best estimates of the peak luminosities from the wellknown SN archival website, www.astrosurf.com/snweb2. The maximum reported luminosities for each supernova are in the range 3 × 10 8 < L peak < 4 × 10 9 L ⊙ . Table  7 lists the corresponding vaporization radii, all of which are within 0.0065 r evap 0.02 ly.
Whether a dust shell is located at or beyond r evap , light-travel-time effects cause the thermal radiation from the dust grains to reach the observer over an extended period of time, thereby forming an "IR echo" (e.g., Bode & Evans 1980; Dwek 1983; Emmering & Chevalier 1988 , see §3.3 for further discussion). The IR echo dura- tion t ech defines the echo radius
Table 7 also lists the associated echo radii for each SN, where t ech is a lower limit determined by the epoch of the latest Spitzer observations. At later times, once the radioactive component fades, interaction between the reverse shock can generate Xrays and UV radiation (e.g., Draine & Woods 1991; Chugai 1993; Chevalier & Fransson 1994 ). In the dense CSM, this radiation may be reprocessed and emitted at optical wavelengths, L opt . For example, for both SNe 2005ip Fox et al. 2009; Smith et al. 2009c ) and 1995N (Gerardy et al. 2002) , the observed late-time X-ray luminosity is lower than the optical/IR, and for SN 1995N, the UV accessible to the Hubble Space Telescope has a power comparable to the optical (Fransson et al. 2002) . While late-time optical observations do not exist for most of the SNe in this paper, the late-time optical observations of SNe 2007rt (Trundle et al. 2009 ), 2006jd (see Table 5 ), and 2005ip (Smith et al. 2009c ) serve as useful references.
Newly Formed Dust
New dust may condense in either the slowly moving ejecta or in the cool, dense shell behind the forward shock (and in front of the reverse shock). Since the dust will preferentially absorb emission from redshifted (far-side) material, the lack of attenuation in the red wing of the optical emission lines provides a straightforward method for testing whether the dust is newly formed. (Due to the SN geometry, dust in the slowly moving ejecta closest to the core absorbs redshifted emission from the broad, intermediate, and narrow lines, while dust in the cool dense shell beyond the fastest ejecta absorbs redshifted emission only from the intermediate and narrow components.)
Typically, such emission-line evidence for dust formation occurs at later epochs, once the ejecta expand and become optically thin. For the first 40-50 days, larger Of the remaining SNe in this sample, late-time spectra exist only for SNe 2006jd, 2008cg, and 2008J (see Table  4 ). Figures 7, 8 , and 9 plot the Hα line from these optical spectra with the underlying continuum subtracted, and the velocity scale chosen with the narrow Hα emission feature at v = 0 km s −1 . In some cases, the negative (blueshifted) velocity axis is mirrored (dotted line) on the positive (redshifted) side to provide a qualitative comparison between the redshifted and blueshifted components. Both SNe show some degree of increasing absorption in the red wing relative to the blue wing from days ≥63 and 224, respectively. Simultaneous absorption in both the broad and intermediate components may be evidence for newly formed dust in the ejecta, but other origins exist. For example, since electron scattering may be responsible for line broadening (Chugai 2001) , it is plausible that this scattering could lead to an asymmetric line profile. Alternatively, the scattering opacity of dust may produce asymmetric line profiles even when the dust is entirely outside the shock. Even if the dust were newly formed, however, the masses listed in Table  6 (M d ≤ 10 −2 M ⊙ ) are less than in SN 2005ip and much lower than the M d = 0.1-1 M ⊙ predicted by the SN dust models (e.g., Nozawa et al. 2003 Nozawa et al. , 2008 . Furthermore, the relative contribution of this newly formed dust to the overall mid-IR flux is not immediately clear. Along with the fact that the remaining SNe in this sample do not have late-time spectra, we must therefore consider the pre-existing dust models for all of these SNe.
Shock Heating
In the shock heating scenario, hot electrons in the post-shocked gas collisionally heat pre-existing dust grains (Draine & Salpeter 1979; Draine 1981; Dwek 1987; Dwek et al. 2008) . Fox et al. (2010) derive the estimated mass of dust heated by the forward shock, which serves as a useful consistency check when compared to the observed dust mass. For the forward shock at time t, the mass of the shocked gas is
for a hydrogen atomic mass m H , shock velocity v s , and grain size a, provided that the sputtering time scale τ sputt < (t, τ cool ), where τ cool is the radiative cooling time scale. The dust mass is then given by assuming a Galactic dust-to-gas mass ratio, Table 8 compares the expected dust masses for the fastest shocks (v s = 15,000 km s −1 ) to the observed masses listed in Table 6 . SNe 2008ip, 2008gm, 2005gn, and 2005cp have dust masses consistent with the models, but these cases all assume a forward shock traveling at a constant speed of v s ≈ 15,000 km s −1 throughout the entire expansion without experiencing any deceleration. This is not likely for the two events from 2005, but it may be possible for the more recent SNe 2008ip and 2008gm. The predicted dust masses for the remaining SNe, however, are more than an order of magnitude lower than observed. Furthermore, the dust-to-gas mass ratio in the stellar winds is likely lower than that of the ISM (Williams et al. 2006; Ivezić & Elitzur 2010) . A lower ratio would predict even less dust. These results likely rule out shock heating for most of these events.
Radiative Heating
Optical emission from the SN may radiatively heat a shell of pre-existing dust at a radius r to a temperature T d . Fox et al. (2010) outline three basic scenarios. For the first two scenarios, the peak SN luminosity heats the dust and forms an IR echo (e.g., Wright 1980 ). In the first scenario, the dust may be distributed spherically symmetrically around the star at the time of the explosion (most likely formed by a steady wind from the progenitor). The SN peak luminosity then vaporizes the dust out to the vaporization radius r evap , and heats the inside of the remaining dust shell to a temperature roughly equal to the vaporization temperature (T d ≈ T evap ). Alternatively, the dust may be distributed in a shell at a radius r > r evap (most likely formed by a progenitor eruption hundreds to thousands of years prior to the SN). The SN peak luminosity heats the inside of this shell to a temperature T d ≤ T evap , where the relationship between the two temperatures is generally given as
where L opt is the observed SN optical luminosity and L evap is the luminosity required to vaporize the dust at the given radius. In many cases (e.g., Fox et al. 2009 ), the resulting IR luminosity echo plateaus on year-long time scales, corresponding to the light travel time across the inner edge of the dust shell, where the shell radius is given by Equation 5.
In the final scenario, the dust may be distributed in a shell at radii between the vaporization and echo radii, r evap ≤ r ≤ r ech (formed by either a steady wind or progenitor eruption). The late-time optical luminosity generated by circumstellar interaction, L opt , continuously heats the dust shell. This scenario is not so much a traditional IR echo as it is a reprocessing of the optical emission by the dust.
10 If the circumstellar interaction occurs on a time scale greater than the light travel time across the dust shell (which we assume it does in these cases), the shell radius does not set the IR echo plateau length. The observed flux therefore accounts for the entire shell.
For a simple light-echo model dominated by flux from only the innermost, warmest dust at a single temperature, T d , balancing the energy absorbed and emitted by the dust grains gives the relationship between the SN optical luminosity and the dust temperature and inner shell radius as (Fox et al. 2010 )
for a dust bulk (volume) density ρ and an effective SN blackbody temperature T SN . When using this equation, we generally assume a = 0.1 µm grains and a SN temperature T SN ≈ 10,000 K, although the results are fairly insensitive to the choice of temperature. The luminosity is treated as a central point source, assuming the emitting region is internal to a spherically symmetric dust shell. Using Equation 8, Figure 10 plots contours of the expected dust temperature as a function of shell radius r for various optical luminosities. We choose luminosities 10 7 ≤ L opt ≤ 10 11 L ⊙ , which span the observed peak and late-time optical luminosities for these SNe. Overplotted are the observed dust temperatures and radii derived from the Spitzer data (see Tables 6 and 7) . Only dust with graphite composition is considered, as silicate grains require much higher luminosities than observed (> 10 11 L ⊙ ) to heat dust grains of comparable sizes to the observed temperatures.
Considering the first scenario above, the SN peak luminosity vaporizes all dust out to the vaporization radius, r evap , which is defined by the radius at which the dust temperature equals the dust vaporization temperature (for graphite, T evap ≈ 2000 K). None of the observed dust temperatures in Table 6 even approach the vaporization temperature of graphite. Furthermore, we can rule out this scenario by comparing the expected vaporization radii to the observed duration of the IR echos. Table 7 shows that the vaporization radii are all r evap 0.02 ly, which is too small to produce an IR echo over the observed year-long time scales. Of course, the unobserved shock breakout in the minutes to hours following the supernova can approach peak values ∼ 10 11 L ⊙ Nakar & Sari 2010) . Figure 8b in Fox et al. (2010) shows that such values can vaporize 0.1 µm dust grains out to r evap ≈ 0.2 ly. Still, these radii are too small to produce an IR echo over the observed year-long time scales.
Figure 10(a) tests the second scenario by comparing the expected and observed temperatures assuming the dust lies at the echo radii r ech defined by the IR echo plateau duration t ech . At these radii, the SNe require large peak luminosities (> 10 10 L ⊙ ) to power the observed echo. Not only are the required peak luminosities significantly greater than the measured ones, but they are larger than those of the most luminous corecollapse events ever found (Quimby et al. 2007 ). The unobserved shock breakout luminosities are indeed higher, but the breakout typically lasts only for about 30 minutes, even in the case of an extended red supergiant progenitor. While the shock breakout luminosity may be large enough to heat the dust to the observed temperature, the total radiated energy from the breakout (E breakout ≈ 10 11 L ⊙ × 30 min < 10 48 erg) is not nearly enough to power the observed echo (E echo ≈ 10 8.5 L ⊙ × 1000 d ≈ 10 50 erg), assuming an IR luminosity L IR ≈ 10 8.5 L ⊙ extending throughout the 1000 day period (see Figure 6 ). Even if we take an echo lasting for only 100 days, the total radiated IR energy is still too large to have been powered by the shock breakout. This fact makes unlikely any IR echo powered by the peak SN luminosity from shock breakout. Figure 10 (b) tests the final scenario, in which the optical luminosity generated by continuous interaction between the forward shock and CSM offers an alternative heating mechanism. In this case, the dust is assumed to lie at the smallest radius allowed by the observations, defined by the blackbody radius, r bb .
The observed dust temperatures for most of the SNe require optical luminosities 10 7 < L opt < 10 8 L ⊙ . While such late-time optical luminosities are larger than observed in most SN subclasses, they are quite realistic for Type IIn events. 
(b) Continuous Radiative Heating of Dust Shell for revap ≤ r bb < r ech Figure 10 . Testing the possibility of radiative heating of a pre-existing dust shell (only graphites are considered here). The dust temperature, T d , is given as a function of radius, r, for contours of constant optical luminosity. Overplotted are the observed dust temperatures and radii. The arrows signify that these values are all upper limits given the lack of constraints in our fitting routines. In case (a), the dust shell lies at the echo radius r ech , defined by the observed light-curve duration, and is heated by the peak SN luminosity, which is typically in the range 10 9 ≤ Lopt < 10 10 L ⊙ . The required luminosities to heat the dust are too high. In case (b), the dust lies at the minimum radius given by r bb and is heated by optical emission generated by continuous circumstellar interaction, typically observed to be 10 7 ≤ Lopt ≤ 10 8 L ⊙ . Aside from a few caveats discussed in the text, the observed temperatures are consistent with the expected values given by the contours.
1609 (Table 5) , and L opt (SN 2007rt) ≈ 10 8 L ⊙ on day 562 (Trundle et al. 2009) 11 . The dust temperatures for some of the SNe, particularly SNe 2007rt and 2006jd, do fall above the expected values for a luminosity L opt ≈ 10 8 L ⊙ . However, in these cases a second, hotter dust component may be contributing to the mid-IR flux. Already, we know from the fits in Figure 5 that SN 2006jd has a hotter dust component. Also, Trundle et al. (2009) (Fox et al. 2010) , this newly formed dust may be hotter than the mid-IR dust component. In these cases, the observed Spitzer temperatures would be only upper limits. The resulting lower dust temperatures and corresponding lower blackbody radii would place these points significantly closer to their luminosity contour lines.
Late-time optical observations are not available for SNe 2005cp, 2005gn, 2006qq, 2008J, 2008cg, 2008en, 2008gm, and 2008ip , but almost all of these points fall close to or along luminosity contours comparable to observed latetime optical luminosities of SNe 2005ip, 2006jd, and 2007rt . In general, the data are fairly consistent with heating by optical emission generated by continuous circumstellar interaction. Gerardy et al. (2002) reached a similar conclusion in their study of late-time emission from five SNe. Two of the Gerardy et al. targets, SNe 1999Z and 1997ab , are actually on our initial target list. The fact that we failed to detect any late-time mid-IR emission comes as little surprise given that the forward shock would eventually destroy the pre-existing dust shells, a trend we observe in Figure 6 and discuss 11 We reconcile the fact that our most recent optical observations do not detect SN 2007rt by noting that they were made nearly 500 days following the original Spitzer observations. more below in §4.
A simple calculation shows that the pre-existing dust shells in this model are optically thin at IR wavelengths, consistent with assumptions for deriving the dust mass in Equation 1. For a dust shell given by a blackbody radius r bb , the optical depth can be written as
where κ avg = 435 cm 2 g −1 is the absorption coefficient for graphite averaged over 1-15 µm (see Figure 4 of Fox et al. 2010) . For each SN except SN 2005ip, τ bb < 1. Using the additional spectroscopic data for SN 2005ip provided by Fox et al. (2010) , however, we derive an optical depth τ bb ≈ 0.5. Furthermore, since the blackbody radii are only lower limits, these optical depths are all upper limits. for a wind speed v w . The SNe in §2.2 have narrow line profiles with FWHM in the range ∼ 100-500 km s −1 . Since these narrow lines originate in the slow, dense, pre-existing circumstellar environment, they are typically assumed to directly correspond to the progenitor wind speed. Assuming a thin shell, ∆r/r = 1/10, Table  9 lists the associated mass-loss rate for each SN.
The properties in Table 9 are generally consistent with LBVs during their giant eruptions, which have wind speeds on the order of hundreds of km s −1 and mass-loss ratesṀ = 10 −5 − 10 −4 M ⊙ yr −1 (Humphreys & Davidson 1994) , but can reach much higher (Smith & Owocki 2006; Smith et al. 2007 ). In fact, the total dust-shell masses are in the range 10 Table 6 ), which, assuming a dust-to-gas mass ratio Z d ≈ 0.01, are also consistent with the range of LBV shell masses observed by Smith & Owocki (2006) . A LBV has already been directly identified as the likely progenitor of SN 2005gl (Gal-Yam & Leonard 2009) , and, indirectly, LBVs have emerged as the likely progenitors of many other SNe IIn (e.g., Chugai & Danziger 1994; Salamanca et al. 2002; Gal-Yam et al. 2007; Smith et al. 2007 Smith et al. , 2008a Smith et al. , 2009a Kiewe et al. 2010) . Table 7 highlights the fact that in almost every case (SNe 2008gm and 2008ip aside), the blackbody radius is larger than the vaporization radius by nearly a factor of two (r bb ≥ 2r evap ). If the dust were associated with a steady wind, the resulting shell size would have been more comparable to the vaporization radius. Instead, these results suggest that the progenitor may have undergone a period of increased mass-loss prior to the SN at a time t eruption ≈ r bb /v w , which corresponds to tens to hundreds of years (see Table 9 ). Such an eruptive event is inferred in many other Type IIn events (e.g., Chugai & Danziger 1994; Salamanca et al. 2002; Gal-Yam et al. 2007; Smith et al. 2007 Smith et al. , 2008a Smith et al. , 2009a Kiewe et al. 2010) .
Alternatively, Figure 8b in Fox et al. (2010) shows that an unobserved shock breakout peak luminosity of only L peak ≈ 10 10 L ⊙ Nakar & Sari 2010) can vaporize 0.1 µm dust grains out to r evap ≈ 0.05 ly, which is much more within the range of the observed blackbody radii. In this case, there is little evidence for an eruptive event. Instead, the progenitor more likely underwent a period of extreme, but steady, massloss prior to the SN, thereby enshrouding the progenitor in a massive gas and dust shell.
To test each possibility, we can compare the observed late-time optical luminosities to the expected values for various CSM densities. We use the expression (e.g., Chugai 1992) to write the expected shock luminosity as a function of progenitor wind density, w =Ṁ /v w ,
where v w is the preshock wind speed and ǫ < 1 is the efficiency of converting shock kinetic energy into visual light. While the conversion efficiency varies greatly depending on shock speed and wind density, we assume a value ǫ ≈ 0.5, acknowledging this value may be high. The preshock wind speeds are given by the narrow line widths reported in §2.2 (and v w ≈ 300 km s −1 for unreported lines). Table 9 lists the expected optical luminosity produced by a v s ≈ 5000 km s −1 forward shock moving through the CSM assuming a mass-loss rate equal to the value derived above for each dust shell. Except for SNe 2008ip and 2008gm, the predicted values are nearly equal to the observed late-time optical luminosities reported above for SNe 2005ip, 2006jd, and 2007rt . This consistency suggests the wind density throughout the CSM is roughly equal to the value calculated for the dust shell, thereby favoring the extreme and steady wind scenario above.
The story starts to get interesting when we revisit Figure 6 . Overall, a significant percentage of the SNe IIn from the past 10 years (∼15%) show late-time mid-IR emission (and the percentage is over 50% when only considering SNe with explosion dates within 5 years of the observations.) After about 1000-2000 days (3-5 years) post-discovery, the luminosity begins to steadily decline. This decline may occur because the forward shock ultimately overruns and destroys the dust shell. Alternatively, the radiative efficiency of the shock will drop when the cooling time becomes longer than the expansion time. In either case, the apparent consistency amongst the detected SNe suggests that in these instances, many of the progenitors may have experienced similar massloss histories, although additional epochs of data will be necessary to confirm this possibility. If indeed the progenitors are LBVs, which are associated with initial stellar masses M 0 > 25 M ⊙ (Smith et al. 2004) , this result could have significant implications on mass-loss properties of the high mass, low-metallicity stars observed in the early universe (e.g., Smith & Owocki 2006) . These conclusions are also particularly noteworthy for stellar evolution theorists, whose models do not place LBVs in the final pre-SN phase (Schaller et al. 1992; Langer 1993; Langer et al. 1994; Stothers & Chin 1996; Maeder et al. 2005; Maeder & Meynet 2008) .
Of course, LBVs are not necessarily the progenitors of all SNe IIn, and several caveats should be mentioned. Primarily, there is a significant diversity among the targets in this sample. Not only can some of the SNe with late-time emission be explained with other models (e.g., shock heating), but a large percentage of the sample does not exhibit any late-time X-ray, optical, IR, or radio emission (van Dyk et al. 1996) . Of well-studied SNe IIn, many show varying degrees of circumstellar interaction (Li et al. 2002; Trundle et al. 2009 ). In the extreme case of SN 1986J, for example, late-time optical emission is observed more than two decades postdetection (Milisavljevic et al. 2008) . (The faded Hα line relative to the strong [O I] line, however, suggests that the bulk of the emission is generated by the reverse shock, not the forward shock.) Not only do the observations vary, but several other SNe IIn have shown evidence for red supergiant (RSG) progenitors (Fransson et al. 2002; Smith et al. 2009b ). Furthermore, other authors invoke several additional scenarios to explain the dense circumstellar shells, including wind-blown bubbles, high-density clumps, very short Wolf-Rayet stages following the LBV outbursts (Dwarkadas 2011) , mass ejection caused by frictional heating of a common envelope in a binary system (Tutukov et al. 1992) , and even relic disks of proto-stellar material left over from the star formation (Metzger 2010) .
CONCLUSION
The Spitzer survey in this paper targets 68 SNe IIn discovered in 1999-2008 without late-time mid-IR observations, as well as the well-studied Type IIn SN 1997ab. Ten of the 69 SNe (∼ 15%) display late-time mid-IR emission from warm dust. The late-time optical and infrared observations presented here constrain the various origins and heating mechanisms of the warm dust, which are summarized by Table 10 . Although some SNe show evidence of newly formed dust or shock heating of pre-existing dust, observations for almost every SN are consistent with the scenario in which pre-existing dust is radiatively heated by optical emission from late-time circumstellar interaction between the forward shock and dense CSM (see the third scenario of §3.3). A similar conclusion was reached by Gerardy et al. (2002) regarding several other Type IIn events that have since faded.
Although the model has not yet been confirmed, a trend amongst the Type IIn subclass begins to emerge. The late-time IR emission associated with this subclass appears to originate from pre-existing dust expelled by the progenitor star, which ultimately forms a shell when the interior dust is vaporized by the SN shock breakout. With some basic assumptions, the dust-shell properties indicate that the progenitor winds and mass-loss rates are most consistent with the properties of LBVs. In almost every case, the data point to extreme, but steady, mass-loss histories as the progenitors evolve along toward their stellar death. These results therefore contribute to the growing evidence that SNe are not likely major sources of dust, although their progenitors might be if the forward shock does not ultimately destroy the dust.
Still, several caveats exist that offer alternative explanations for the dense dust shells without invoking LBV progenitors. The advantage to the model in this paper is that it allows us make predictions. If the dust is distributed in a shell, and the heating mechanism is indeed continuous radiation generated by the forward shock, we expect the shock to eventually overtake the shell radius and destroy the dust. As the dust is destroyed, the latetime mid-IR emission should begin to significantly decrease. While we see this general trend in Figure 6 , no single SN IIn has multi-epoch mid-IR data that reveal the SN "turning off." We can calculate the approximate point in time when this will happen as t ≈ r bb /v s , where v s is the forwardshock velocity. For the observed blackbody radii, r bb < 0.1 ly, and a shock velocity v s ≈ 5000 km s −1 , we would expect the shock to overtake the shell at a time t < 5 yr. Once the shock destroys the dust, the luminosity decline will occur on time scales consistent with the dust-shell radius (t decline = 2r bb /c ≈ 3 yr), as the dust destruction on the near side of the shell will be observed before dust destruction on the far side. This time scale is consistent with the apparent decline (determined from the upper limits) in Figure 6 . Of course, the blackbody radius assumes an optically thick shell and only sets a lower limit. The actual dust radii are likely much larger. In addition, slower shock speeds or asymmetric shell geometries would result in varying time scales, but mid-IR monitoring of these SNe will help to constrain the various models and geometries.
